INTRODUCTION {#SEC1}
============

G-quadruplexes (G4s) are four-stranded non-B DNA structures formed from Hoogsteen hydrogen bonding of guanines to form stacked quartets. G-quadruplexes are known to form in the telomeres of a variety of eukaryotic organisms where their role is primarily in telomere homeostasis ([@B1],[@B2]). Bioinformatic analyses have shown that G-quadruplex sequence motifs are concentrated in oncogene promoters ([@B3]), and these promoter G-quadruplexes have been under investigation for their ability to modulate gene expression ([@B5]). Many promoter G-quadruplexes are currently being investigated for their potential in modulating their respective gene products: *c-MYC* ([@B6]), *KRAS* ([@B7]), *HRAS* ([@B8]), *HIF* ([@B9]) and *VEGF* ([@B10]).

Human telomerase reverse transcriptase (hTERT) is the catalytic subunit of telomerase, the enzyme primarily responsible for the immortality of cancer cells. *hTERT* is an important oncogene with G4 motifs within its promoter ([@B11]). The *hTERT* gene encodes the reverse-transcriptase component of the human telomerase ribonucleoprotein complex ([@B14]). Telomerase (TERT) is responsible for maintenance of telomeres, and this activity is thought to be vital in cellular immortalization ([@B15],[@B16]). TERT is normally undetectable in somatic cells (except for stem cells), and its aberrant expression is associated with 85--90% of cancers investigated ([@B17]). The nearly exclusive expression of TERT in cancer cells has been acknowledged for more than two decades as a target for anti-cancer therapies. Many contemporary techniques which target telomerase, such as small molecule inhibitors, gene therapy, anti-sense oligonucleotides, and immunotherapies, have demonstrated TERT inhibition as a viable mechanism in cancer treatment ([@B20]). Unfortunately, no direct inhibitors of telomerase have been clinically successful ([@B21]). Some of the more promising direct inhibitors exhibit severe toxicity in hematopoietic stem cells ([@B22]). This provides a strong rationale for investigating alternative mechanisms to prevent telomerase activity in cancer.

The wild type (WT) *hTERT* core promoter region (approximately −180 to +1 of transcription start site) ([@B23]) contains twelve tracts of three or more guanines which enable formation of G-quadruplexes ([@B11],[@B24]). Functional genetic studies have identified point mutations within these G-tracts that are directly linked to increased expression of TERT ([@B25]). Two mutations, G124A or G146A, are found in 60--80% of urothelial carcinomas ([@B26]), 71% of melanomas ([@B27]), 83% of glioblastomas ([@B28]), as well as a variety of other cancers. These mutations result in *de novo* formation of E-twenty-six (ETS) transcription factor binding sites and confer a selective advantage to cancer cells by allelic recruitment of the transcription factor GABP ([@B26],[@B29]). These mutations occur within G-tracts 5 and 8, the terminal G-tracts of the second putative quadruplex sequence (PQS2) (Figure [1](#F1){ref-type="fig"}) and have been suggested to impact G-quadruplex transcriptional silencing ([@B11],[@B24]). This has been supported by a G-quadruplex-stabilizing small molecule targeting the hTERT promoter in MCF-7 breast cancer cells ([@B30]). Thus, further investigation of the secondary structure formed by the promoter DNA sequence is warranted.

![Comparison of WT and AH sequences and contemporary models. (**A**) (Top) The wild-type hTERT core promoter sequence and (bottom) the modified antiparallel hairpin (AH) sequence with PQS-1, -2 and -3 indicating the 'putative quadruplex forming sequences', and the artificially strengthened hairpin region shown with a dashed line. The purple and gold colors correspond to the purple and gold regions in (B). Red nucleotides indicate residues that were modified from WT to force the formation of the parallel-antiparallel stacked hairpin model as in (B). (**B**) The two current models proposed for the secondary structure formed in the hTERT core promoter, three parallel stacked (left) and a parallel stacked onto an antiparallel with 8 bp hairpin. The sugar phosphate backbone is shown in ribbon, guanines in G-tetrads in blue, and nucleotides involved in the hairpin shown in orange. Extraneous loop bases were removed for clarity. The purple 'PQS1' region reportedly adopts the same parallel conformation in both models, and this sequence has been solved ([@B13]). The gold region highlights the major difference in the two models, herein referred to as the 'PQS23' region.](gkaa107fig1){#F1}

The original three studies ([@B11]) of G-quadruplex forming capability of the hTERT core promoter utilized a sliding frame approach to identify G-quadruplex formation and stability. From left to right (5′ to 3′) in Figure [1A](#F1){ref-type="fig"} we have designated these putative quadruplex forming segments (PQS) as PQS1, PQS2 and PQS3. Isolated PQS1 has been shown to exist as a mixture of both parallel and anti-parallel (3+1) structures by nuclear magnetic resonance (NMR) spectroscopy ([@B13]). Isolated PQS3 was shown to adopt a parallel conformation ([@B12],[@B13]), albeit with slightly lower stability than PQS1. Further support for the formation of both PQS1 and PQS3 quadruplexes in the context of the full-length sequence was observed by *Taq* polymerase stop assays ([@B11],[@B12]). The PQS2 segment alone does not appear to readily form a G-quadruplex. However, using an inverted *Taq* polymerase stop assay, Micheli *et al.* ([@B12]) observed that the PQS2--PQS3 ('PQS23') region could potentially form stacked parallel G-quadruplexes, implying that the inter-quadruplex stacking interface provided a stabilizing effect. This observation is substantiated by the large circular dichroism (CD) signal at 260 nm for the WT PQS23 sequence ([@B30]). Micheli *et al.* ([@B12]) proposed a model of 'self-organization' that featured three contiguous stacked parallel quadruplexes, which stems from stabilization of the PQS2 through terminal G-quadruplex stacking interactions. That model was supported by subsequent biophysical studies combined with molecular dynamics simulations ([@B24]) (Figure [1B](#F1){ref-type="fig"}, left model). Alternatively, Palumbo *et al.* ([@B11]) proposed a model based on dimethylsulphate (DMS) foot-printing techniques that featured a parallel PQS1 stacked onto an antiparallel/hybrid G-quadruplex with 8-bp hairpin loop (Figure [1B](#F1){ref-type="fig"}, right model). A later study on the same sequence proposed a different structure (again based on DMS foot-printing) with a longer hairpin joining two parallel G-quadruplexes ([@B31]). In both cases ([@B11],[@B31]), the CD spectra shown for the folded hTERT sequence lack the signature features expected for structures containing a significant amount of hairpin duplex component. In addition, both proposed hairpin structures contain a number of thermodynamically destabilizing features including mismatches and bulges.

The structure of the wild-type hTERT promoter sequence thus remains ambiguous. It is important to determine its structure since it is now considered a target for potential cancer drugs. For any rational structure-based design of drug candidates, it is essential to know the structure being targeted with certainty. The goal of our study is to clarify the hTERT promoter structure.

A challenge in the determination of the structures of long multimeric quadruplex-forming sequences is that conventional high-resolution NMR or crystallographic methods have yet to be successful, necessitating the use of lower-resolution methods. Herein we report the results of an integrated structural biology ([@B32]) investigation of the full-length hTERT promoter sequence using a battery of biophysical and biochemical approaches. In addition, we implemented what can be called a *falsum figura* ('false shape') strategy in which we designed and optimized a non-biological sequence that is forced into the unusual hairpin structure proposed by Palumbo *et al.* ([@B11]). We show that the biophysical and biochemical properties of that structure are unambiguously distinct from the structure formed by the wild-type hTERT sequence, indicating that such a structure is not the predominate folded form of the native sequence. We used classical spectroscopic techniques, hydrodynamic studies, small-angle X-ray scattering, and DNase I digestion as a biochemical probe for duplex DNA to characterize the structures, and we built all-atom models using molecular dynamics simulations to predict testable experimental properties to distinguish structural models. We conclude that the wild-type hTERT promoter sequence forms a compact structure containing three stacked parallel G-quadruplex units and that such a structure is the most appropriate target for any rational drug design effort.

MATERIALS AND METHODS {#SEC2}
=====================

Oligonucleotides {#SEC2-1}
----------------

Oligonucleotides are given in Table [1](#tbl1){ref-type="table"}. Oligos were purchased from either IDT (Integrated DNA Technologies, Coralville, IA) or Eurofins Genomics (Louisville, KY, USA) with standard desalting unless otherwise specified. Upon receipt, stock oligos were dissolved in MilliQ ultrapure water (18.2 MΩ × cm at 25°C) at concentrations between 0.1 and 1 mM and stored at −20.0°C until use. Folding was achieved by diluting stock oligos into their respective buffer and heating to 99.9°C in a water bath for 20 min, followed by slow cooling overnight and subsequent storage at 4°C.

###### 

Oligonucleotide sequences used in this study

  Name             Oligonucleotide sequence 5′ to 3′                                      Length   MW      E260 (M^−1^cm^−1^)
  ---------------- ---------------------------------------------------------------------- -------- ------- --------------------
  WT               GGGGAGGGGCTGGGAGGGCCCGGAGGGGGCTGGGCCGGGGACCCGGGAGGGGTCGGGACGGGGCGGGG   68       21633   672671
  WT PQS1          AGGGGAGGGGCTGGGAGGGC                                                   20       6369    202900
  WT PQS12         AGGGGAGGGGCTGGGAGGGCCCGGAGGGGGCTGGGCCGGGGACCCGGGA                      49       15523   478700
  WT PQS23         AGGGGGCTGGGCCGGGGACCCGGGAGGGGTCGGGACGGGGCGGGG                          45       14278   436500
  OP               ATGGGTGGGTGGGTGGGCCCTTAGGGTGGGTGGGTCGGGATGGGTGGGTGGGTGGGT              57       18145   553100
  AH               TGGGAGGGTCTGGGAGGGCCCTTATGGGTCTGGGCCCGCGACGCGCGAGGCGTCGCGGCTGGGCGGGT   68       21289   628400
  AH PQS23         TGGGTCTGGGCCCGCGACGCGCGAGGCGTCGCGGCTGGGCGGGT                           44       13721   398100
  AH Hairpin       CCCGCGACGCGCGAGGCGTCGCGGCT                                             26       7975    230296
  1XAV             TGAGGGTGGGTAGGGTGGGTAA                                                 22       6992    228700
  Hairpin Duplex   GCATATATAGGACCCGCGAGCGGTCCTATATATGC                                    35       10756   339998

Buffers {#SEC2-2}
-------

All buffer reagents, unless otherwise specified, were purchased from Sigma-Aldrich. TBAP folding buffer (10 mM tetrabutylammonium dihydrogen phosphate, 200 mM KCl, 1 mM EDTA, pH 7.0) was prepared by dissolving 3.4 g of tetrabutylammonium phosphate monobasic, 14.9 g KCl and 292 mg of acid EDTA in 10 ml of tetrabutylammonium hydroxide 40% solution in 900 ml of MilliQ ultrapure water and adjusted to pH 7.0 before bringing to 1 l (density = 1.0081 g/cm^3^, viscosity = 0.01038 poise). Phosphate (PO~4~) buffer (8 mM phosphate, 200 mM KCl, pH 7.2) was prepared by dissolving 1.0 g K~2~HPO~4~, 272 mg KH~2~PO~4~ and 13.9 g KCl in 900 mL of MilliQ ultrapure water and adjusting pH to 7.2 before bringing to 1 l (calculated density = 1.0081 g/cm^3^, calculated viscosity = 0.00996 poise). DNase I reaction buffer (4×) (80 mM Tris, 8 mM MgCl~2~, 40 mM KCl, pH 7.2) was prepared by dissolving 967 mg Tris base, 76 mg MgCl~2~ and 298 mg KCl in 90 ml of MilliQ ultrapure water and adjusted to pH 7.2 before bringing to 100 ml. All buffers were filtered through 0.2 μm filters before use.

Preparative size exclusion chromatography (SEC) {#SEC2-3}
-----------------------------------------------

Oligonucleotide purification was achieved using SEC as detailed previously ([@B33]). Briefly, oligonucleotides were annealed at concentrations of 40--100 μM in their respective buffers, filtered through 0.2 μm filters, and injected onto an equilibrated Superdex 75 16/600 SEC column (GE Healthcare 28-9893-33) using a Waters 600 HPLC system. The flow rate was maintained at 0.5 ml/min and sample fractions were collected every 2 min from 100 to 180 min run time. The molecular weights of fractionated species were estimated based on a regression analysis of elution time versus log(MW) of protein standards (Sigma \#69385), with elution profiles monitored at 260 and 280 nm. Purifications were carried out at room temperature and fractionated samples were stored at 4°C prior to concentration and downstream analysis.

DNase I degradation assay {#SEC2-4}
-------------------------

Amplification Grade DNase I was purchased from ThermoFisher and used without further modification (ThermoFisher, \#18068015). PAGE purified oligonucleotides for the hTERT WT and AH sequences were annealed in TBAP folding buffer (without EDTA) before being concentrated to ∼50 μM in Pierce protein concentrators (ThermoFisher, \#88515). The oligonucleotides were subsequently diluted to 160 ng/μl in TBAP buffer and mixed in a 2:1:1 with DNase I reaction buffer and nuclease free H~2~O (DNA:RXN-buffer:H~2~O) to give a final concentration of 80 ng/μl DNA in 10 ul of reaction mix. The reactions were initiated by the addition of 1 ul DNase I (at 1 unit/μl DNase I), incubated at room temperature, and stopped at the indicated time points by the addition of 1 ul of 50 mM EDTA solution. The DNase I cleavage products were then resolved on a 5% agarose gel (∼2.5 h at ∼7 V/cm) with visualization by ethidium bromide or SYBR green stain. Gels were imaged using a PharosFX Plus imaging system (BioRad).

Circular dichroism spectroscopy (CD) {#SEC2-5}
------------------------------------

CD melting studies and spectra were collected on a Jasco-710 spectropolarimeter (Jasco Inc. Easton, MD, USA) equipped with a Peltier thermostat regulated cell holder and magnetic stirrer. CD and melting spectra were collected using the following instrument parameters: 1 cm path length quartz cuvette, 210 or 240 to 340 nm wavelength range, 1.0 nm step size, 200 nm/min scan rate, 1.0 nm bandwidth, 2 s integration time, and 4 scan accumulation. Spectra were recorded at 20.0°C and melting spectra were collected over a range of 4°C to 98°C with 2°C step intervals, 4°C/min ramp speed, and a 2-min equilibration time at each temperature before acquisition. Spectra were corrected by subtracting a buffer blank. In the case of DNase I degradation assays, the blank included DNase I. Spectra were normalized to molar circular dichroism (Δϵ) based on DNA strand concentration using the following equation:$$\documentclass[12pt]{minimal}
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}{}$$\begin{equation*}\Delta \varepsilon = \theta /\left( {32982cl} \right)\end{equation*}$$\end{document}$$where *θ* is ellipticity in millidegrees, *c* is molar DNA concentration in mol/l, and *l* is the path length of the cell in cm.

For CD monitored DNase I reactions, oligonucleotides were prepared as in the standard DNase I reactions, and diluted to a final strand concentration of 3 μM in 500 μl by mixing in the same v/v ratio of DNA, MQ H~2~O and 4× DNase I RXN buffer. Reactions were initiated by adding 50 μl of DNase I (at 1 unit/μl DNase I) and mixing by pipetting 15 times. Reactions were monitored over a total of 4 h in a 0.5 cm path length quartz cuvette. Four hours after DNase I addition, 20 μl of a 100 μM CaCl~2~ solution was added (for a final concentration of ∼3.5 μM Ca^2+^), and the measurements were resumed to ensure that the DNase I was active.

^1^H Nuclear magnetic resonance (^1^H-NMR) spectroscopy {#SEC2-6}
-------------------------------------------------------

1D ^1^H-NMR spectroscopy was performed on a Bruker Avance Neo 600-MHz instrument equipped with a nitrogen-cooled Prodigy TCI cryoprobe. Experiments were performed at 25.0 or 40.0°C using standard 3- or 5-mm NMR tubes. Minimization of water signal was achieved using a water flip-back pulse sequence. For each measurement, 1024 complex points were collected with an acquisition time of 86 ms. Total scans for each spectrum are as follows: WT (4096), AH (128), OP (128), WT PQS23 (128), AH PQS23 (4). Samples were prepared by annealing in PO~4~ folding buffer and purified by preparative SEC. Fractions were pooled and concentrated using pre-rinsed Pall 3K MWCO concentrators, followed by addition of 5% (v/v) D~2~O. Final concentrations at time of analysis were: WT (150 μM), AH (225 μM), OP (140 μM), WT PQS23 (285 μM) and AH PQS23 (285 μM). After concentration an aliquot was removed from each sample and analyzed by CD and AUC to ensure that there were no conformational changes due to concentration.

Analytical ultracentrifugation (AUC) {#SEC2-7}
------------------------------------

Sedimentation velocity (SV) experiments were performed in a Beckman Coulter ProteomeLab XL-A analytical ultracentrifuge (Beckman Coulter Inc., Brea, CA, USA) at 20.0°C and 40 000 rpm in standard 2-sector cells using An50Ti or An60Ti rotors. 100 to 150 scans over an 8 h period were collected and analyzed in Sedfit using the continuous C(s) model. For the hTERT oligonucleotides ('WT' and 'WT PQS23') a concentration series of purified oligonucleotide was used to correct for any non-ideal concentration-dependency in sedimentation. This was done using the following concentrations and respective wavelengths: 2.5 mg/ml (306 nm), 1.25 mg/ml (302 nm), 0.5 mg/ml (298 nm), 0.125 mg/ml (290 nm), 0.05 mg/ml (272 nm) and 0.01 mg/ml (260 nm) at 20.0°C and 40k rpm. Buffer densities and viscosities used in the SV analyses are provided in the buffers section, and the partial specific volume was held constant at 0.55 ml/g. All large oligo sequences (\>∼45 nt) regardless of purity at time of purchase had a propensity to aggregate under normal annealing conditions. Thus, all SV experiments were conducted directly after SEC purification, except when correcting for concentration effects. Estimation of weight averaged frictional ratios ($\documentclass[12pt]{minimal}
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}{}$\frac{f}{{{f_o}}}$\end{document}$) of the monomeric WT sequences were carried using Sedfit\'s C(s,ff~o~) model, with a frictional ratio resolution set to 10 and sedimentation coefficient resolution of 100.

SEC resolved small-angle X-ray scattering (SEC-SAXS) {#SEC2-8}
----------------------------------------------------

SAXS was performed at BioCAT (beamline 18ID at the Advanced Photon Source, Chicago) with in-line size exclusion chromatography. Samples in a modified PO~4~ buffer (8 mM PO~4~, 185 mM KCl, 15 mM NaCl, 1 mM EDTA, pH 7.2) were loaded onto a Superdex 75 10/300 GL column, which was run at 0.7 ml/min using an AKTA Pure FPLC (GE Healthcare Life Sciences) and the eluate after it passed through the UV monitor was directed through the SAXS flow cell, which consists of a 1 mm ID quartz capillary with 50 μm walls. A co-flowing buffer sheath was used to separate the sample from the capillary walls, helping prevent radiation damage ([@B34]). Scattering intensity was recorded using a Pilatus3 1M (Dectris) detector which was placed 3.5 m from the sample giving access to a *q*-range of 0.004--0.4 Å^−1^. A series of 0.5 second exposures were acquired every 2 s during elution and data was reduced using BioXTAS RAW 1.6.3 ([@B35]). Buffer blanks were created by averaging regions flanking the elution peak and subtracted from exposures selected from the elution peak to create the *I*(*q*) versus *q* curves used for subsequent analyses. More information on SAXS data collection, reduction and interpretation can be found in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Molecular dynamics simulations {#SEC2-9}
------------------------------

Molecular dynamics simulations were carried out on the hTERT models created previously ([@B24]) with modifications of bases where necessary using the 'swap na' command in UCSF Chimera 1.12 (<https://www.cgl.ucsf.edu/chimera/>) and manual alterations in starting atomic configurations using Schrödinger\'s Maestro 11.8 (<https://www.schrodinger.com/>). Coordinating counter ions (K^+^) were manually added between G-quartet stacks and minimized prior to simulations. The PDB structures were imported into the xleap module of AMBER16 (<https://ambermd.org/>), neutralized with K^+^ ions, and solvated in a rectangular box of TIP3P water molecules with a 15 Å buffer distance. All simulations were equilibrated using sander at 300 K and 1 atm using the following steps: (i) minimization of water and ions with weak restraints of 10.0 kcal/mol/Å on all nucleic acid residues (2000 cycles of minimization, 500 steepest decent before switching to conjugate gradient) and 10.0 Å cutoff, (ii) heating from 0 to 100 K over 20 ps with 50 kcal/mol/Å restraints on all nucleic acid residues, (iii) minimization of entire system without restraints (2500 cycles, 1000 steepest decent before switching to conjugate gradient) with 10 Å cutoff, (iv) heating from 100 to 300 K over 20 ps with weak restraints of 10.0 kcal/mol/Å on all nucleic acid residues and (v) equilibration at 1 atm for 100 ps with weak restraints of 10.0 kcal/mol/Å on nucleic acids. The output from equilibration was then used as the initial.rst input file for 100 ns of unrestrained MD simulations using pmemd with GPU acceleration in the isothermal isobaric ensemble (*P* = 1 atm, T = 300 K). Periodic boundary conditions and PME were used. 2.0 fs time steps were used with bonds involving hydrogen frozen using SHAKE (ntc = 2). The hairpin structure was manually placed in three different starting configurations and simulated three separate times until convergence was obtained. Trajectories were analyzed using the CPPTRAJ module in the AmberTools16 package (<https://ambermd.org/>). Hydrodynamic properties were calculated as average and standard deviation over 100 equally spaced trajectory snapshots, unless otherwise specified, using the program HYDROPRO10 ([@B36]) with the recommended parameters ([@B37]). G-quartet associated potassium ions were included (and added to the molecular weight) in the hydrodynamic calculations. Values are reported as average and standard deviations across 100 evenly spaced snapshots of the trajectories. Clustering of the hTERT trajectory was performed as described (<http://www.amber.utah.edu/AMBER-workshop/London-2015/Cluster/>) using the CCPTRAJ module of Amber.

Molecular visualizations {#SEC2-10}
------------------------

All molecular visualizations of MD trajectories and models were performed in UCSF Chimera v1.12 (<https://www.cgl.ucsf.edu/chimera/>).

RESULTS {#SEC3}
=======

Sequence design and logic {#SEC3-1}
-------------------------

In the 2014 report from Chaires *et al.* ([@B24]), the authors noted that a parallel-antiparallel-hairpin structure, such as proposed by Palumbo *et al.*, should have a CD spectrum distinctly different from that observed for the WT sequence. To validate this assertion, we modified the WT hTERT sequence to generate an optimal sequence that would fold into the hairpin structure proposed by Palumbo *et al.* ([@B11]) to contrast its properties with that of the WT sequence (Table [1](#tbl1){ref-type="table"}, AH). The AH sequence was designed to include base substitutions (G\>T) to restrict G-quadruplex formation to runs of only 3 guanines and modified residues in the putative hairpin region to maximize hairpin formation and concomitantly disfavor G-quadruplex formation. It is worth noting that a significant number of modifications (15 out of 68 WT bases) were required to stabilize the hairpin structure, as fewer mutations resulted in mixtures of two or more species. We also created an optimized all-parallel structure (Table [1](#tbl1){ref-type="table"}, OP) using three runs of a canonical parallel G-quadruplex motif which retains a 6-nucleotide modified non-guanine-containing loop sequence similar to the WT (Figure [1A](#F1){ref-type="fig"}, segment between PQS1 and PQS2). OP was designed to minimize possible G-register exchange ([@B38]) and thereby minimize heterogeneity while retaining the three-stack G4 structure. In addition, several truncated sequences were designed to contain isolated structural elements of the longer wild-type form. These represent the first (PQS1), first and second (PQS12), and second and third (PQS23) G4 forming regions of hTERT WT. A high-resolution structure of PQS1 has been reported that can be integrated into our structural models ([@B13]). For the AH sequence analogs, a hairpin-G4 structure (AH-PQS23) and an isolated duplex hairpin (AH-hairpin) were designed. Table [1](#tbl1){ref-type="table"} contains the complete list of sequences used in this study.

Circular dichroism and DNase I cleavage assays reveal only G-quadruplex moieties within the wild type hTERT core promoter sequence {#SEC3-2}
----------------------------------------------------------------------------------------------------------------------------------

We began our structural investigations using CD spectroscopy in potassium buffer. The differences in the spectra of folded WT and AH are unambiguous (Figure [2A](#F2){ref-type="fig"}). Consistent with earlier reports ([@B11],[@B12],[@B24]), the strand-normalized hTERT WT spectrum exhibited strong positive molar ellipticity at 260 nm, a trough at 240 nm, and a small trailing shoulder at 290 nm. This large 260 nm amplitude is consistent with a high degree of anti--anti guanine base steps ([@B39],[@B40]), typical of parallel quadruplexes, and could only arise from stacking of a large number of G-quartets. Indeed, the CD amplitude at 260 nm is linearly correlated with the number of stacked, parallel, G-quartets ([@B41]), so we can estimate from these data that the folded WT sequence contains nine stacked quartets. In contrast, the AH spectrum has only a modest peak at 260 nm, a trough at 245 nm, and a relatively larger shoulder at 290 nm when compared with the WT. We found that the WT CD spectrum could be reconstructed by addition of spectra obtained with the truncated sequences, PQS1 and PQS23 that are known to form only parallel quadruplex structures (Figure [2B](#F2){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}). In contrast, the AH spectrum can only be reconstructed using a combination of parallel G4 (PDB ID: 1XAV ([@B42])), antiparallel-hybrid G4 ([@B40]) and duplex hairpin CD spectra (Figure [2C](#F2){ref-type="fig"}). The low amplitude at 260 nm for AH is consistent with the contribution of three stacked G-quartets in the parallel conformation, while the pronounced shoulder near 290 nm arises from a three-quartet antiparallel contribution. The assumed B-form duplex contributes comparatively little to the CD spectra ([@B43]).

![CD spectra for WT, AH, and their putative component spectra. (**A**) Strand-normalized CD spectra of the WT and AH sequences annealed in the presence of 200 mM K^+^, showing distinct differences in the troughs (∼240 nm versus 245 nm), peak height at 260 nm, and shoulder at 290 nm. (**B**) The WT sequence can be faithfully reconstructed (dashed line 'sum') from the addition of the PQS1 (red) and PQS23 (green) fragment spectra which adopt parallel topologies in 200 mM K^+^ buffer (as shown below). (**C**) The AH spectrum can be reconstructed (dashed line 'sum') from the addition of the parallel 1XAV (red), a hairpin (green) and an antiparallel G-quadruplex spectrum (blue).](gkaa107fig2){#F2}

The Hurley group recently re-investigated using DMS foot-printing the WT hTERT sequence ([@B31]) and suggested formation of a different, larger hairpin which putatively forms within the internal PQS2 region, sandwiched between two outer parallel G4s (PQS1 and PQS3). Other DNA conformational forms might contribute to CD spectra. We reasoned that it may be possible for the hairpin to adopt an A-form duplex ([@B39]), and that perhaps this might contribute to the CD magnitude at 260 nm, compensating for the magnitude expected for a parallel quadruplex forming within PQS2, complicating interpretation of the CD spectra. As an independent, selective, test for the presence of duplex regions we used an enzymatic assay to probe the structures. Any proposed hairpin structure, whether in B- or A-form, should be susceptible to cleavage by deoxyribonuclease I (DNase I), while parallel G4 structures should remain undigested due to the occluded phosphate backbone ([@B44],[@B45]). Upon treatment with DNase I (Figure [3](#F3){ref-type="fig"}), we found that the WT sequence is entirely protected from DNase I cleavage while AH is degraded into discrete components (Figure [3A](#F3){ref-type="fig"} & B). Further, the AH cleavage bands observed after 10 min at ∼14 and ∼8 bp are approximately the sizes expected for cleavage of the antiparallel hairpin ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) ([@B46]). A scaled-up DNase I cleavage reaction was also monitored using CD spectroscopy, revealing that there was no discernable change in the WT CD spectrum but a significant alteration of the AH CD (Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}). The shapes of the difference spectra observed in Figure [3D](#F3){ref-type="fig"} for the digestion of AH over the course of the DNase I digestion are consistent with the degradation of a B-form duplex domain within the structure. Overall, these results clearly demonstrate that a DNase I-susceptible hairpin is not detectable in the WT hTERT core promoter sequence.

![DNase I cleavage susceptibility assay. (**A**) Representative agarose gel showing DNase I treatment times (NT = no treatment) in minutes for WT or AH sequences after annealing in TBAP (without EDTA). The gel shows that the WT sequence is not sensitive to nuclease cleavage, whereas the AH sequence is cleaved into discrete bands by 10 min treatment time. (**B**) Densitometry of the AH lanes from A with dashed lines showing the appearance of discrete bands at ∼14 bp (or ∼28 nt) and ∼8 bp (or ∼16 nt). (**C**, **D**) CD difference plots showing the change in CD signal over the DNase I treatment time course. In both windows, the left Y-axis corresponds to the black curves, which is the strand-normalized ellipticity of the WT or AH sequence pre-DNase I treatment. The right Y-axis corresponds to the colored spectra which (from blue to red) indicate the change in CD (difference spectra) from the original spectrum due to DNase I treatment. (C, inset) Color scale representing time interval from addition of DNase I (blue, time = 0) to end of experiment (red, time = 4 h). The right Y-axis is scaled such as to emphasize where changes are occurring.](gkaa107fig3){#F3}

Treatment of the optimized, G4-stacked, OP structure, or the truncated WT sequence ('WT PQS23') with DNase I had no cleavage effect, consistent with the absence of any duplex structure. A slight degradation over time was observed in the WT PQS12. In contrast, the AH truncated sequence ('AH PQS23') and the control AH hairpin sequence alone ('HP') were completely degraded by 15 min ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

^1^H-NMR confirms that the WT hTERT sequence forms only parallel quadruplexes {#SEC3-3}
-----------------------------------------------------------------------------

We next analyzed the WT and modified sequences at the atomic level using ^1^H-NMR to gain a better understanding of the secondary structures giving rise to the observed CD spectra (Figure [2](#F2){ref-type="fig"}). Figure [4A](#F4){ref-type="fig"} shows the Hoogsteen and Watson--Crick imino proton region of the ^1^H-NMR spectra (∼10--14.6 ppm) for the WT, AH, OP and truncated PQS23 sequences (Figure [4A](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}), along with their respective CD spectra (Figure [4B](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). In the WT spectrum (Figure [4A](#F4){ref-type="fig"}, black) we observed a very broad envelope encompassing the guanine Hoogsteen imino protons between ∼10 and 12 ppm, indicative of G-quadruplex formation, along with a slight, almost negligible, signal at ∼12.9 ppm. In contrast, we find that the spectrum of AH exhibits the expected Watson--Crick-like (W.C.) base-pairing interactions for a hairpin in the region from 12.6 to 13.6 ppm, along with a broad envelope in the Hoogsteen G-quadruplex region from 10.8 to 12 ppm, confirming the presence of both duplex and G-quadruplex structures. The contrasting behavior of WT and AH show that there is no appreciable duplex base pairing in the unmodified hTERT sequence. Additional sequences were also studied by NMR. The OP sequence displays only G-quadruplex imino proton shifts in the range of 10--12 ppm, with no signals within the W.C. range. The OP sequence was created as a reference 'idealized' three-parallel G-quadruplex system with minimal loops connecting the stacked G4 units. Figure [4B](#F4){ref-type="fig"} shows that the WT and OP sequences exhibit nearly identical magnitude and shape from 220 to 270 nm by CD, the only difference being the shoulder at ∼290 nm in the WT spectrum. Importantly, we find that the strand-normalized integrated intensity in the Hoogsteen imino proton signals for the OP and WT sequences is 1.1:1 (see [Supplementary Figure S3](#sup1){ref-type="supplementary-material"} for regions used in normalization).

![^1^H-NMR spectra and corresponding CD spectra of WT, AH, OP and truncated sequences. (**A** and **C**) Proton imino spectra from 10 to 14.6 ppm showing Watson--Crick and Hoogsteen type imino proton shifts for the OP, AH, WT and truncated sequences WT PQS23 and AH PQS23. Intensities in A are only approximate, whereas concentrations and intensities in C are the same. (**B** and **D**) Strand-normalized CD spectra corresponding to spectra in A and C, respectively.](gkaa107fig4){#F4}

The truncated WT PQS23 and AH PQS23 sequences also show a clear difference by NMR and CD (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). With the removal of PQS1 (and ∼6 nt connecting loop region), we find that the AH PQS23 imino proton spectra resolves ∼12 G-quadruplex peaks, the number expected for a single three-tetrad G-quadruplex, with the same number W.C. imino peaks as the full-length AH construct. This is in clear contrast to the WT PQS23 segment, which displays almost twice as many G-quadruplex imino peaks by integration (1.8:1). Taken with their respective CD spectra, this clearly demonstrates that the full-length and truncated WT sequences preferentially form only parallel G-quadruplexes.

Hydrodynamic size and shape of the WT sequence indicates a very compact and globular structure {#SEC3-4}
----------------------------------------------------------------------------------------------

Hydrodynamic experimentation and modeling methods ([@B47]) have gone hand-in-hand in structural biology for over 75 years ([@B48]). It is now routine in our laboratory to use experimental hydrodynamic properties of nucleic acids to infer, and iteratively refine, their structural models using molecular dynamics modeling simulations ([@B49]). These techniques have allowed for the study of a wide array of DNA conformations in their native state and under biologically-relevant conditions ([@B52]). We used this powerful approach to examine the annealed and SEC-purified WT, AH and truncated hTERT promoter sequences by hydrodynamic, X-ray scattering, molecular dynamics and bead modeling methods.

To discern differences in the overall hydrodynamic shapes formed by the sequences listed in Table [1](#tbl1){ref-type="table"}, we employed analytical ultracentrifugation sedimentation velocity (AUC-SV) experiments to determine sedimentation coefficients from which molecular weights and frictional coefficients may be easily calculated. The results are tabulated in Table [2](#tbl2){ref-type="table"}. Figure [5](#F5){ref-type="fig"} shows the significant difference in sedimentation coefficient distributions for the folded WT and AH sequences by C(s) species analysis ([@B53]). There is very little overlap between the WT and AH c(s) distributions, indicating different hydrodynamic shapes. The corrected S~20,w~ values for WT and AH sequences were 3.86 ± 0.01 and 3.25 ± 0.09, respectively (Table [2](#tbl2){ref-type="table"})---the former WT value being consistent with our earlier report ([@B24]). (We note that the *C*(*s*) distribution of the WT shows a very slight heterogeneity with a few percent of the sample sedimenting between 2 and 3 S.)

###### 

Comparison of hydrodynamic properties measured by AUC-SV experiments with values calculated from molecular dynamics trajectories of given models. The table is organized such that the models with the best agreement from calculations are nearest their respective experimental values.

                                                          WT             WT PQS23       AH             AH PQS23                                                    
  ------------------------------------------------------- -------------- -------------- -------------- -------------- -------------- -------------- -------------- --------------
  **Sedimentation coefficient, *S*~20,W~ (×10^−13^ S)**   3.86 (±0.01)   3.89 (±0.03)   2.95 (±0.03)   2.96 (±0.05)   3.25 (±0.09)   3.30 (±0.05)   2.70 (±0.01)   2.64 (±0.03)
  **Molecular weight (kDa)**                              24.0 (±0.13)   22.0           16.5 (±0.15)   14.5           24.4 (±1.44)   21.5           16.8 (±0.68)   14.0
  **Stokes radius, *R*~s~ (nm)**                          2.46 (±0.01)   2.22 (±0.02)   2.22 (±0.04)   1.96 (±0.03)   2.56 (±0.07)   2.58 (±0.03)   2.49 (±0.07)   2.14 (±0.02)
  **Frictional ratio, *f*/*f*~o~**                        1.42           1.26           1.45           1.26           1.7            1.54           1.6            1.45

![Experimental and calculated sedimentation coefficient distributions. The red and black curves are representative SEDFIT *C*(*s*) distributions of the WT (black) and AH (red) sequences corrected to density and viscosity of water at 20.0°C (*S*~20,w~). The overlaid histograms are of sedimentation coefficient values (*S*~20,w~) obtained from hydrodynamic calculations of PDB frames extracted from 100 ns of explicit solvent MD trajectories for the stacked parallel model (black) or the hairpin model (red).](gkaa107fig5){#F5}

A similar trend was also observed for the truncated sequences WT PQS23 and AH PQS23 (*S*~20,w~ values of 3.0 and 2.7, respectively) ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Since the molecular weights of the pairs of sequences in question are approximately the same (given the limit in experimental accuracy), the measured sedimentation coefficients directly report the particle frictional coefficients that reflect differences in shape. These data indicate that all WT sequences are much more compact than their AH counterparts.

To rationalize these differences in size and shape, as well as the secondary structure derived from CD and NMR studies, we used molecular dynamics simulations and hydrodynamic calculations to refine the most plausible structural models ([@B51]). These models were constructed based on the proposed secondary structures (Figure [1](#F1){ref-type="fig"}) in conjunction with coordinates from the protein databank (PDB). The WT all-parallel stacked and hairpin models were used from previous work ([@B24]), with the latter modified to reflect the AH sequence with optimized duplex base pairing given in Table [1](#tbl1){ref-type="table"}. Truncated models were created simply by removal of the PQS1 and 6 nt loop region. Each model was subjected to 100 ns of unrestrained, fully solvated molecular dynamics simulation. The resulting MD trajectories were then used to calculate the hydrodynamic properties of each system (Table [2](#tbl2){ref-type="table"}) using HYDROPRO10 ([@B36]), which calculated the sedimentation and diffusion coefficients. These experimentally accessible measures were extracted from PDB coordinates of structures in evenly spaced frames throughout the trajectories to obtain statistically meaningful ensemble values (visualized as the histogram in Figure [5](#F5){ref-type="fig"} and averages in Table [2](#tbl2){ref-type="table"}).

We found that the sedimentation coefficient for the all-parallel stacked molecular dynamics-derived model agreed extremely well with the WT experimental value (calculated *S*~20,w~ = 3.89 ± 0.01 versus experimental *S*~20,w~ = 3.86 ± 0.03). The AH hairpin model also agreed well with the AH experimental sedimentation coefficient (calculated *S*~20,w~ = 3.30 ± 0.05 versus experimental *S*~20,w~ = 3.25 ± 0.09) (Figure [5](#F5){ref-type="fig"}, Table [2](#tbl2){ref-type="table"}). The agreement between WT PQS23 with a two-parallel stacked model was even closer (calculated: 2.96 ± 0.05 versus experimental: 2.95 ± 0.03). The AH-PQS23 model was also consistent with experimental data (calculated *S*~20,w~ = 2.64 ± 0.03 versus experimental *S*~20,w~ = 2.70 ± 0.01) (Table [2](#tbl2){ref-type="table"}, [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The calculated and experimental *S*~20,w~ values were effectively within experimental error in all cases. These hydrodynamic studies show that the folded hTERT WT promoter is too compact to contain an extended 8 bp hairpin. In addition, it must contain fully stacked G4 units, since the more extended models with a displaced terminal G4 unit predict a sedimentation coefficient distinctly different from the observed experimental value.

Small-angle X-ray scattering (SAXS) {#SEC3-5}
-----------------------------------

Figure [6](#F6){ref-type="fig"} shows the results of SEC-SAXS experiments obtained with folded hTERT constructs. [Supplementary Table S1](#sup1){ref-type="supplementary-material"} provides complete details of SAXS experiments, with all information suggested by recent publication guidelines ([@B54]). Several general qualitative conclusions can be drawn by inspection of these plots ([@B55],[@B56]). Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"} shows the primary SAXS data. The double logarithmic plots of the scattering intensity for the WT, OP and AH structures (Figure [6B](#F6){ref-type="fig"}), reveal distinct differences between the structures. It is clear that scattering of WT is different from AH. The use of in-line size exclusion chromatography ensured the absence of contaminating species and sample monodispersity, which was also demonstrated by the Guinier plots shown in Figure [6C](#F6){ref-type="fig"}, which are linear for all samples (residuals plot for linear fits for all samples are shown to the right of panel C). Parameter estimates for the radii of gyration (*R*~g~) obtained by analysis of Guinier plots are given in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

![SEC-SAXS results for the WT (black), AH (red), and OP (green) oligonucleotides. (**A**) *I*(*q*) versus *q* as log-linear and (**B**) log--log plots. (**C**) Guinier plots (with fits shown in blue) for *qR*~g~ \< 1.3, along with corresponding residual plots (right). (**D**) *P*(*r*) versus *r* profiles from the data in (a and b) normalized to equal areas. (**E**) Normalized Kratky plots for the data in (a and b). Collection parameters, *I*(0), *R*~g~, *D*~max~ and other values can be found in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.](gkaa107fig6){#F6}

The differences between the WT, AH and OP are further illustrated by the pair-distance distribution (Figure [6D](#F6){ref-type="fig"}). The hairpin structure is inconsistent with the observed scattering of the folded wild-type hTERT sequence. For a homogeneous structure, the exact character of the P(r) plot depends on particle shape (e.g. globular, prolate, oblate) and the domain structure of the particle ([@B57]). The shape of the AH *P*(*r*) curve (Figure [6D](#F6){ref-type="fig"}, red), with a pronounced multimodal character, suggests the presence of multiple domains within the structure, consistent with the presence of an extend hairpin coupled to G4 units. In contrast, the WT *P*(*r*) curve (Figure [6D](#F6){ref-type="fig"}, black) is more symmetrical, indicative of a more compact structure. OP was designed to optimize the stacked G4 structure. Accordingly, the *P*(*r*) curve for OP (Figure [6D](#F6){ref-type="fig"}, green) is more symmetric (but still with a trailing edge at larger distances), consistent with a compact three-stacked G4 structure with an elongated shape. All *P*(*r*) plots yielded radii of gyration which were within 0.1 of those derived from Guinier approximation ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Kratky plots (Figure [6E](#F6){ref-type="fig"}) for WT, AH and OP provide a qualitative appraisal of the degree of unfolding and the flexibility of samples ([@B58]). Compact, fully-folded particles are expected to exhibit a Gaussian shaped curve, while unfolded or flexible particles would show nonzero plateau regions at high *q*. The major observation from the data in Figure [6E](#F6){ref-type="fig"} is that WT and OP (Figure [6E](#F6){ref-type="fig"}, black and green, respectively) are clearly distinguishable from AH (Figure [6E](#F6){ref-type="fig"}, red). A hairpin structure is inconsistent with their scattering data. WT and OP curves reach zero at high *q*, with nearly Gaussian shapes, indicating that they are fully folded and globular. In contrast, AH shows a more complex curve. While it seems to be nearly fully folded as judged by its intercept on the *x*-axis, the data for AH show a distinct plateau in the *q* range spanning 0.05--0.15 that indicates particle flexibility. We attribute this flexibility to the region linking the hairpin to the G-quadruplex domain, which was observed in our MD simulations (not shown). These data demonstrate that the WT sequence folds into a distinctly different compact globular structure. [Supplementary Figure S5](#sup1){ref-type="supplementary-material"} shows the scattering behavior of the partial hTERT constructs WT-PQS23 and AH-PQS23. The general behavior and trends are similar to what was seen for the full-length constructs. Importantly, the more asymmetric hairpin-G4 structures can be clearly distinguished from compact, globular G4 structures.

*Ab initio* bead models for WT, OP and AH were obtained using the *DAMMIF* program ([@B59]), with the results shown in [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}. The key point from inspection of these shapes is that both hairpin structures, AH and AH PQS23 ([Supplementary Figure S6C and E](#sup1){ref-type="supplementary-material"}), feature clear protuberances that are absent from all other structures. These protuberances are most likely the hairpin duplex domain. We are aware of the utility of SAXS data in more detailed atomistic structural modeling of macromolecules with conformational heterogeneity ([@B60]). Efforts in that direction are currently underway in our laboratory.

Thermal denaturation of hTERT structures {#SEC3-6}
----------------------------------------

Figure [7](#F7){ref-type="fig"} shows thermal denaturation studies, monitored by CD, for WT and AH structures. There are clear differences between the two structures, with hairpin-containing AH noticeably less stable. In 200 mM KCl (Figure [7A](#F7){ref-type="fig"}, right most panel), melting of WT is incomplete even at 98°C, while AH is clearly less thermally stable with a *T*~m~ near 79°C. By lowering the KCl concentration to 10 mM, complete thermal denaturation curves for both structures were obtained (Figure [7B](#F7){ref-type="fig"}). The right most panel shows that AH is thermodynamically less stable than WT. The apparent *T*~m~ values for WT and AH are 82.5 and 65.2°C, respectively, in 10 mM KCl. The 17.3°C difference in *T*~m~ shows unambiguously that the hairpin-containing structure is thermodynamically less stable. A more detailed thermodynamic analysis of the thermal stabilities of WT and AH using CD and differential scanning calorimetry will be the subject of a manuscript that is in preparation.

![CD thermal denaturation profiles of the hTERT WT and antiparallel hairpin sequences. (**A**) Strand-normalized CD spectra from 220 to 320 nm over 4--98°C for the WT and AH sequences annealed in potassium phosphate buffer with 200 mM KCl (left) with normalized melting curves (right). (**B**) Strand-normalized CD spectra (left) and melting curves (right) for WT and AH sequences annealed in phosphate buffer with 10 mM KCl.](gkaa107fig7){#F7}

DISCUSSION {#SEC4}
==========

The results of our integrated structural biology approach show conclusively that the 68 nt wild-type hTERT promoter DNA sequence folds into a compact G-quadruplex structure that lacks any hairpin duplex domain. A structure with three stacked G4 units in the parallel conformation is both qualitatively and quantitatively consistent with our biophysical and biochemical data (circular dichroism, thermal denaturation, analytical ultracentrifugation, SEC-small angle X-ray scattering, nuclear magnetic resonance, DNase I cleavage assays, and molecular dynamics). An optimized hairpin-containing structure based on the model proposed by Palumbo *et al.* ([@B11]) shows unambiguously different biophysical and biochemical properties from the wild-type sequence.

Figure [8](#F8){ref-type="fig"} shows a detailed model of the hTERT promoter structure obtained by our molecular dynamics simulations. This model integrates the high-resolution structure of the PSQ1 region that was obtained by NMR by Phan and coworkers ([@B13]). The model features nine stacked G-quartets (arising from three stacked parallel G4 units), consistent with the large experimental CD amplitude observed in Figure [2](#F2){ref-type="fig"}. This model accurately predicts the experimentally observed WT hTERT sedimentation coefficient (Figure [5](#F5){ref-type="fig"}) and is qualitatively consistent with the SAXS data in Figure [6](#F6){ref-type="fig"}. Several features of the structure are of interest. Apart from the G4 stacking interactions, the structure shows several stabilizing loop--loop interactions, which are consistent with slight contributions to the WT ^1^H-NMR of base-base interactions (small peak at ∼12.9 ppm) and the lack of these in the designed OP ^1^H-NMR (Figure [4](#F4){ref-type="fig"}). In addition to the K^+^ ion coordination sites within G-quartets, the loop topology presents additional specific K^+^ binding sites. This structure presents unique groove and interfacial geometries for small molecule binding interactions. Overall, the model in Figure [8](#F8){ref-type="fig"} represents an excellent target structure for rational drug discovery and development.

![MD-derived model of the three-stacked parallel hTERT G-quadruplex. All-atom model of the stacked hTERT system (5′ top, 3′ bottom) showing phosphate backbone in tan, nucleotides in blue and potassium atoms in purple. This structure was derived from clustering over 100 ns of explicit solvent MD. The potassium ions observed in the central tetrad cavity, loops and grooves were observed in 66% of all frames used in clustering.](gkaa107fig8){#F8}

One of the major difficulties encountered in studying G-rich DNA sequences in their biological context is in dealing with G-tracts with greater than three guanines or with numbers of G-tract greater than four. These sequences are known for forming multiple isoforms through G-register exchange and changes in loop directionality, and often require base modifications such as inosine or thymine substitutions to select for only one structure ([@B63]). This phenomenon was observed in the hTERT PQS1 sequence ([@B13],[@B64]). The physical consequence of G-register exchange, as shown by the Mittermaier lab ([@B38]), is an entropic stabilization of the folded state (albeit an ensemble of folded states). In addition to the five runs of three guanines, the full-length hTERT core promoter sequence has six runs of four guanines (G~4~) and one run of five guanines (G~5~) (Figure [1](#F1){ref-type="fig"}). This equates to a theoretical 192 isomers (\[6xG~4~\] x \[1xG~5~\] which is 2^6^ × 3^1^) when in the all-parallel stacked conformation, whereas this number decreases substantially to only ∼48 if in the hairpin conformation proposed by Palumbo *et al.* ([@B11],[@B38]). This implies that the all-parallel stacked WT sequence would have an inherent entropic advantage over the hairpin structure, as well as increased thermodynamic stability, which is reflected in Figure [7](#F7){ref-type="fig"}.

Such conformational heterogeneity is also evident in structural characterizations. While the heterogeneity complicates interpretation of biophysical data, it in fact represents the reality of wild-type sequences whose complexities must be considered instead of being expeditiously simplified by arbitrary sequence modifications. In Figure [4](#F4){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}, we observed a clear broadening of all peaks in ^1^H-NMR measurements of the WT sequence, suggesting the presence of parallel G-register isomers. This broadening was not exhibited by OP, which is by design a single, all-parallel stacked conformer. Moreover, we observed minor amounts of hTERT species with differing sedimentation coefficients (Figure [5](#F5){ref-type="fig"}, shoulder at ∼2.4 s). A possible explanation for this discrepancy is that there is a dynamic equilibrium between parallel stacked and unstacked structures. Alternatively, this could be attributed to a mixture of slow and fast rearrangements (such as G-register sliding or folding), which depending on the timescales, could easily complicate analyses ([@B58],[@B65]). Overall, however, the major form appears consistent with the stacked conformation as in Figure [8](#F8){ref-type="fig"}.

G4 stacking and multimerization is now a well-known phenomenon ([@B66]). Various G-quadruplex stacking interfaces have been characterized ([@B67]), and the physical forces involved investigated ([@B70]). All of these support a 5′-3′ (head to tail) stacking mode, consistent with our model. However, our understanding of the biological relevance of G4 stacking is lacking. In promoters, stacked G4 structures are now speculated to be involved in a variety of roles, primarily as unique recognition sites for proteins, enhanced sensing of ligands through cooperativity, or as concentration-dependent G4 biological switches ([@B66]). In line with this is the unique opportunity of selective gene expression modulation via small molecules which stabilize or disrupt these stacking interfaces.

We have shown that these higher-order structures can be successfully examined using an integrated structural biology approach, coupled with judicious sequence design to create additional test structures with contrasting or confirmatory features. There are thousands of sequences in promoter regions in the human genome that have greater than four runs of multi-guanine tracks, yet almost all remain uncharacterized. An in-depth examination and understanding of these potential multimeric quadruplex structures will lead to the identification of unique binding sites and a potentially more selective way to target these G4 regions in the genome for transcription regulation.

DATA AVAILABILITY {#SEC5}
=================

Small-angle X-ray scattering data has been deposited in the publicly accessible Small Angle Scattering Biological Data Bank (<https://www.sasbdb.org/>) under the IDs: SASDHM3 (WT), SASDHN3 (AH), SASDHP3 (OP), SASDHQ3 (WT PQS23) and SASDHR3 (AH PQS23).
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Click here for additional data file.
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